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Porous Cd0.5Zn0.5S nanocages derived from ZIF-8: boosted
photocatalytic performances under LED-visible light
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Abstract
A facile strategy was adopted to prepare porous Cd0.5Zn0.5S (CZS-X) nanocages by sulfurizing the rhombic dodecahedral ZIF-8
as precursor with thioacetamide (TAA) at different durations (0, 1, 3, 5 h), in which the fabrication mechanism of the porous
CZS-X nanocages was clarified. The photocatalytic activities of CZS-X for Cr(VI) elimination and organic pollutant decompo-
sition were assessed. The results revealed that CZS-3 exhibited optimal photocatalytic activity under visible light along with
satisfied recyclability and stability after several runs’ operation. As well, the CZS-3’s photocatalytic cleanup abilities toward both
Cr(VI) and organic pollutants were explored in different actual water bodies to clarify the influence of different foreign ions.
Finally, the intrinsic photocatalysis mechanism of CZS-X was verified.
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Introduction

With the rapid expansion of industry and contemporary civi-
lization, human living environment is under tremendous pres-
sure due to the discharge of industrial and domestic wastewa-
ter containing various heavy metals and organic contaminants
(Dong et al. 2017). The heavy metal Cr(VI) in the form of
Cr2O7

2− is likely to accumulate in the human body and other
creatures, which can exert a possible threat to ecological en-
vironment and human health (Chen et al. 2020). Cr(VI) was
presented in extensive scope of concentrations ranging from
0.5 to 270.0 mg L−1 in natural water and industrial effluents
(Demirbas et al. 2004). Being compared with the traditional

adsorption (Lei et al. 2017), membrane separation
(Pugazhenthi et al. 2005), and other physical methods
(Galan et al. 2005; Heidmann and Calmano 2008; Xing
et al. 2007), the photocatalytic method exhibited some advan-
tages like mild reaction conditions and environment sustain-
ability (Liang et al. 2015). Cr(VI) can be converted to low-
toxic Cr(III) via photocatalysis (Huang et al. 2017; Liang et al.
2015), and Cr(III) can be cleaned up as Cr(OH)3 precipitates
under alkaline or even neutral conditions (Khalil et al. 1998;
Zhang et al. 2012b). Similarly, organic dyes with high chem-
ical stability are easy to cause cancer, which can interfere with
the growth of microorganisms in water (Fu et al. 2020;
Schrank et al. 2002). The macromolecular organic pollutants
can be completely mineralized into CO2 and H2O, or convert-
ed into biodegradable low-toxic small molecules via
photocatalysis reactions (Konstantinou and Albanis 2004;
Rauf and Ashraf 2009).

ZnS (Eg = 3.72 eV) as a traditional wideband gap semicon-
ductor exhibited good photocatalytic ability upon the illumi-
nation of UV light (Yakoubi et al. 2016). As well, CdS (Eg =
2.4 eV) semiconductors can be excited to depict outstanding
catalytic performance upon the irradiation of the visible light
(Liu et al. 2012a, 2014). However, both individual CdS and
ZnS suffered from quick recombination of photo-induced
charge carriers and serious photo-corrosion in oxygen-
containing aqueous solution, which set a limitation to their
practical application (Li et al. 2013; Su et al. 2017; Zhang
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et al. 2012a, 2017b). The formation of CdxZn1-xS (0 < x < 1)
can overcome the shortcomings of individual ZnS and CdS, in
which the separation of photo-generated charge carriers can be
boosted, and the light-responsive range can be broadened
from UV to visible light even the near-infrared region
(Bhandari et al. 2013; Chen et al. 2009; Zhong et al. 2003).
Recently, some strategies like doping noble metals (Li et al.
2011), doping reduced graphene oxide (RGO) (Zhang et al.
2012a), controlling the morphologies of CdxZn1-xS, and mod-
ifying with other semiconductors (Han et al. 2015) were in-
troduced to further promote the photocatalytic activities of
CdxZn1-xS. Among them, the morphology control strategy
attracted increasing attentions due to that different morphol-
ogies might lead to different photocatalytic performances.

The porous hollow structures attracted particular attentions
due to their well-defined intrinsic voids, huge surface area
along with surface permeability (Jiang et al. 2012). Up to
now, the sacrificial template method was deemed as the most
effective method to prepare 3D hollow structures (He et al.
2006; Lou et al. 2008; Zhong et al. 2000). It was well known
that MOFs were often adopted as templates to prepare differ-
ent porous materials like ZnS, ZnO, and In2S3. The porous
materials obtained fromMOFs were used in various fields like
photocatalytic electro-catalysis (Zhou et al. 2017), sensor
(Drobek et al. 2016), and hydrogen generation (Lan et al.
2017), due to that the intrinsic framework ofMOFs was main-
tained to harvest porous structures with high specific surface
area and abundant active sites (Lan et al. 2017; Wee et al.
2014). ZIF-8, as a classic MOF, has extremely high thermal
and chemical stability, which is deemed as an ideal template to
fabricate three-dimensional hollow nano-materials (Esken
et al. 2011; Jiang et al. 2011; Pan et al. 2011; Park et al.
2006). Our group proposed a simple and low-cost method to
achieve high throughput production of ZIF-8, which can pro-
vide us cheap ZIF-8 as template to prepare hollow Cd0.5Zn0.5S
nano-cage with a 3D structure. The photocatalytic Cr(VI) and
organic dye removal activities of the Cd0.5Zn0.5S (CZS-X)
were assessed under different conditions.

Experimental

The materials and reagents, the characterization instruments,
and the techniques were described in electronic supplementa-
ry information (ESI).

Fabrication of porous Cd0.5Zn0.5S (CZS-X) nanocage

The rhombic dodecahedral ZIF-8 was prepared following the
previous literature (Jiang et al. 2012). A total of 0.4-g ZIF-8
and 0.6-g Cd(CH3COO)2·2H2O were suspended/dissolved in
100.0-mL absolute ethanol. After the addition of 1.6-g TAA,
the matrix was stirred for 60 min at ambient temperature, and

then shaken in a water bath kettle at 80 °C for 0, 1, 3, and 5 h
(the samples obtained within different time were named as
CZS-X, X = 0, 1, 3, 5). The harvested products were collected
by centrifugation, washed twice with ultra-pure water and
ethanol, and finally dried at 60 °C (Fig. 1).

Photocatalytic activities tests

The photocatalytic activities of CZS-X were assessed upon
the luminance of LED-visible light (the procedures were de-
scribed in ESI). As well, the apparent quantum efficiencies
(AQEs) were determined by measuring the Cr(VI) cleanup
efficiencies upon the irradiation of specific light with different
wavelengths (also seen in ESI).

Results and discussion

Characterizations of CZS-X

The powder X-ray diffraction (PXRD) patterns of ZIF-8
matched well with the previously reported ones (Qiu et al.
2018), indicating that ZIF-8 was successfully prepared. As
depicted in Fig. 2a, all the characteristic peaks of both ZIF-8
and CdZnS were observed significantly in the PXRD patterns
of CZS-0, implying that ZIF-8 was partly transformed into
CdZnS for CZS-0. The PXRD peaks of 2-theta being 26.6°,
45.1°, and 53.2° observed in CZS-1, CZS-3, and CZS-5 sam-
ples were assigned to the (111), (220), and (331) crystal facets
of cubic sphalerite Cd0.5Zn0.5S, comparable with the
Cd0.5Zn0.5S that reported previously (Sain et al. 2012). No
diffraction peak of ZIF-8 is observed for CZS-1, CZS-3, and
CZS-5, suggesting the almost complete transformation from
ZIF-8 into Cd0.5Zn0.5S.

The Fourier-transformed infrared (FTIR) spectra (Fig. S3)
of the ZIF-8 demonstrated that the absorption peaks at 421
cm−1, 600-800 cm−1, 900–1350 cm−1 and 1350–1500 cm−1

were assigned to Zn–N stretching, out-of-plane bending of the
2-MIM ring, and in-plane bending of the 2-MIM ring and 2-
MIM ring stretching, respectively (Fu et al. 2018; Low et al.
2014). It was observed that the characteristic peaks with weak-
er intensities of ZIF-8 could be still detected in the FTIR
spectrum of CZS-0. In the FTIR spectra of the CZS-1, CZS-
3, and CZS-5, the absorption band at 812 cm−1 is assigned to
the Cd–S (Dzhagan et al. 2007; Kotkata et al. 2009), and the
bands at 1110 and 618 cm−1 are contributed to Zn–S vibra-
tions (Devi et al. 2007). The formation of Cd0.5Zn0.5S in CZS-
3 using ZIF-8 as template is successfully affirmed via the
above-stated FTIR characterizations.

The UV–Vis diffuse reflection spectra (UV-Vis DRS) can
illustrate the light-absorption behaviors of the photocatalysts.
As shown in Fig. 2b, ZIF-8 displayed the selective light ab-
sorption in the range from 260 to 340 nm, comparable with the
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Fig. 2 a PXRD patterns. b UV-Vis DRS and Eg plot (inset) of ZIF-8 and CZS-X. c XPS survey spectra. d Zn 2p spectra of CZS-3 and ZIF-8

Fig. 1 Schematic diagram of the experimental process.
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previous report (Qiu et al. 2018). The band gap (Eg) was
estimated as 5.05 eV, 2.32 eV, 2.44 eV, 2.47 eV, and
2.46 eV for the ZIF-8, CZS-0, CZS-1, CZS-3, and CZS-5,
respectively, using (Ahν)2 versus hν (Qu et al. 2017) (A: the
constant of absorbance, h: the Planck constant, ν: light fre-
quency), revealing that CZS-0, CZS-1, CZS-3, and CZS-5
might exhibit catalytic reaction upon the excitation visible
light.

The composition and chemical state of the Cd0.5Zn0.5S
composite were investigated by XPS. It can be seen that the
XPS spectra of ZIF-8 and CZS-3 are similar except the pres-
ence of Cd and S for CZS-3 (Fig. 2c), indicating the successful
transformation from ZIF-8 into CZS. The presence of N peak
of CZS-3 may be at t r ibuted to the adsorbed 2-
methylimidazole. Zn 2p3/2 peak exhibited slight red shift from
the binding energy of 1044.1 eV in ZIF-8 to 1044.3 eV in
CZS-3 (Fig. 2d), and the Zn 2p1/2 peak demonstrated red shift
from 1021.1 in ZIF-8 to 1021.4 eV in CZS-3, which probably
originated from the interfacial bond connections between S2−

(TAA) and Zn2+ (ZIF-8) (Mary and Dhanuskodi 2001). The
presence of S 2p peak and Cd 3d peak resulted from the
formed Cd–S bonds (Xu et al. 2011), further indicating the
formation of Cd0.5Zn0.5S.

From the scanning electron microscope (SEM) and trans-
mission electronmicroscopy (TEM) images shown in Fig. 3a–
h, it can be clearly found the morphology evolution from
CZS-0 to CZS-5 with the extension of the vulcanization time.
It could be found that CZS-0 maintains the morphology of
ZIF-8 (Fig. 3a) without formation of the hollow nano-cage
(Fig. 3e). CZS-1 presents a dodecahedron hollow nano-cage
with the exterior morphology of ZIF-8, in which the particle
size is about 300–400 nm (Fig. 3b, f and Fig. S4). Compared

with CZS-1, SEM and TEM images (Fig. 3c, g) revealed that
the hollow nano-cages were formed in CZS-3. However, if the
vulcanization prolonged, the formed nano-cages will be col-
lapsed into aggregated particles (like CZS-5: Fig. 3d and h).

(d)
The element mappings for S, Zn, and Cd (Fig. 4a–c) and

the high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image (Fig. 4d) of CZS-3
revealed that all the S, Cd, and Zn elements were homoge-
neously distributed throughout CZS-3. It implied that CdZnS
was successfully synthesized by sulfiding the matrix of ZIF-8
and an external cadmium source. The high-resolution trans-
mission electron microscopy (HRTEM) image (Fig. 4e) dem-
onstrated that the three lattice fringes of 0.32 nm, 0.21 nm, and
0.17 nm were assigned to the (111), (220), and (311) crystal
facets of Cd0.5Zn0.5S (Ye et al. 2017), which can be further
affirmed by observation of selected area electron diffraction
(SAED) (Chen et al. 2018).

The carbon-13 nuclear magnetic resonance spectrometry
(13C NMR) can provide the information concerning both iso-
tropic and anisotropic chemical shift to clarify the local envi-
ronment of the nucleus in the as-prepared samples like 2-MIM
ligand, ZIF-8, CZS-0, CZS-1, CZS-3, and CZS-5 (Li et al.
2020). As illustrated in Fig. S5, the peaks at ca. 142.82 ppm,
113.97 ppm, and 12.23 ppm in 2-MIM linker were assigned to
the resonance signals of N–C–N, N–C–C–N, and –CH3

(Shahrak et al. 2017). As for ZIF-8, the resonances of N–C–
Nwere declined or shifted from 144 to 149.18 ppm due to the
formation of Zn–N coordination bonding interaction (Li et al.
2020). The three main response peaks of 2-MIM were detect-
ed in the 13C NMR spectrum of CZS-0, which were weaker
than those of pristine 2-MIM. Although the response peaks of

Fig. 3 SEM images of a CZS-0, b CZS-1, c CZS-3, and d CZS-5. TEM images of e CZS-0, f CZS-1, g CZS-3, and h CZS-5
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2-MIM at 142.82 ppm and 123.78 ppm for the 13C NMR
spectra of CZS-1, CZS-3, and CZS-5 were not detected, the
weaker response peak of –CH3 at 11.8 ppm was still detected.
With the prolonging sulfurization time, the coordination inter-
actions between 2-MIM and Zn2+ decreased gradually, in
which the 2-MIMs being coordinated to Zn2+ were gradually
substituted by S element. When the sulfurization was com-
plete (like CZS-1, CZS-3, and CZS-5), the existence of minor
2-MIM could be observed by 13C NMR with ultrafine preci-
sion, which however can hardly be detected by PXRD, FTIR,
and elemental mapping equipped to SEM.

A possible mechanism to expound the CdZnS (CZS-X)
formation was proposed based on the above-stated experiment
results. After 1 h of stirring, Cd2+ was hydrolyzed from
Cd(CH3COO)2·2H2O. When the S2− source (TAA in this
work) was introduced into the reaction system containing Cd
and Zn precursors, a Cd-rich core is established firstly via fast
nucleation and growth due to the higher affinity of S2− with
Cd than Zn (Su et al. 2001). This could explain why the solu-
tion turned yellow immediately after adding TAA. The re-
leased Zn2+ from ZIF-8 can react with S2− from TAA to form
CdZnS nanoparticles around the templates. More and more 2-
MIM linkers in ZIF-8 were displace by S2−, and the ZIF-8
cores are completely consumed to yield well-defined hollow
rhombic CZS-1, CZS-3, and CZS-5 dodecahedral nanocages
(Jiang et al. 2012).

Photocatalytic activities

The as-prepared CZS-X samples were subjected to accom-
plish photocatalytic Cr(VI) and MO (methyl orange) elimina-
tion under low-power visible light irradiation provided by
LED (Fig. 5a and b). Under dark conditions, the adsorption
of CZS-3 toward Cr(VI) and MO reached adsorption-
desorption equilibrium within 60 min, with adsorption effi-
ciencies of 18.4% and 21.0%, respectively. During the photo-
catalytic Cr(VI) reduction reactions (Fig. 5a), CZS-3 exhibited
the highest reduction efficiency (100% in 12 min), followed
by CZS-5 (95.4% in 12 min), CZS* (Qiu et al. 2018) (91.8%
in 12 min), CZS-1 (84.3% in 12 min), CZS-0 (64.7% in 12
min), and ZIF-8 (5.5% in 12 min). As for the photocatalytic
MO oxidation (Fig. 5b), CZS-3 also demonstrated the highest
efficiency (94.2% in 20 min, 94.5% in 30 min), followed by
CZS* (69.5% in 20 min, 74.6% in 30 min), CZS-5 (61.4% at
20min, 70.0% at 30min), CZS-1 (7.9% at 20min,11.6% at 30
min), and CZS-0 (3.8% at 20 min, 6.3% at 30 min). The
results revealed that the all the CZS-X photocatalysts achieved
better Cr(VI) reduction and MO decomposition efficiencies
than those of individual ZIF-8 and Cd0.5Zn0.5S synthesized
by other methods (Wei et al. 2020). The pseudo-first-order
model (ln(C/C0) = kt) (Zhang et al. 2016) was used to perfect-
ly describe the photocatalytic processes. The values of appar-
ent rate constant k (min−1) are presented in Fig. 5c and d, in

Fig. 4 The CZS EDS elemental mappings of a S, b Zn, c Cd, and d HAADF image of CZS. e HRTEM and SAED (inset) images of CZS-3
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which theMO decomposition rates displayed a volcanic curve
(the peak being CZS-3), and the Cr(VI) elimination rates were
in the order of CZS-3 > CZS* > CZS-5 > CZS-1 > CZS-0 >
ZIF-8.

The N2 adsorption-desorption measurement (BET) re-
sults illustrated the specific surface areas and pore volume
of CZS-0, CZS-1, CZS-3, and CZS-5 (Fig. S6, Table S1),
in which the CZS-3 possessed the highest specific surface
area (138.57 m2 g−1) along with pore volume (0.291 m3

g−1), and it was obvious that the surface areas of the as-
prepared CZS-3 was larger than that of the CdZnS pre-
pared by other methods (56.46 m2 g−1) (Yao et al. 2015).
The further thermal treatment toward the sample like CZS-
5 resulted into slight decrease of surface area and pore
volume, due to the destruction and collapse of the hollow
structure. Compared with CZS-5, it was generally believed
that the larger surface area of CZS-3 could lead to more
active sites to be exposed (Zheng et al. 2010) to accom-
plish better adsorption Cr(VI) and MO elimination perfor-
mances. Therefore, CZS-3 was selected as optimal
photocatalyst to carry out subsequent experiments, in
which the effects of pH, initial targeted pollutant

concentration, and the co-existing foreign ions on its pho-
tocatalytic abilities were investigated in detail.

The influence factors toward photocatalytic Cr(VI) elimination
activity of CZS-3

Influence of initial pH value and different substrate concen-
trations toward Cr(VI) elimination The Cr(VI) reduction per-
formances of photocatalysts was heavily influenced by pH
(Padhi and Parida 2014), in which lower pH (acidic condition)
can promote the transformation from Cr(VI) to Cr(III) (Zhou
et al. 2019). However, the fact is that most wastewater bodies
are neutral or weakly acidic. As well, the strong acid condi-
tions might exert great challenges to photocatalysts due to the
potential corrosion. Therefore, it is essential to develop the
photocatalyst to be used under slight acidic or neutral condi-
tions. In this study, the Cr(VI) reduction efficiencies (Fig. 6a)
of CZS-3 under pH at 2.0, 4.0, 6.0, 8.0, and 10.0 were
assessed as 100.0%, 99.2%, 89.7%, 62.1%, and 51.5% within
8.0 min, as well as 100.0%, 100.0%, 99.8%, 79.1%, and
69.2% within 16.0 min, respectively. It exhibited that CZS-
X was effective in a wide pH range. However, considering

Fig. 5 Photocatalytic a Cr(VI) and b MO elimination performances of
ZIF-8 , CZS-0, CZS-1, CZS-3, and CZS-5 under visible light. Rate con-
stant k of c Cr(VI) reduction and dMO decomposition. Stars (*) indicate
Cd0.5Zn0.5S was synthesized by other methods (Qiu et al. 2018).

Conditions: Cr(VI) = 10 mg L−1, volume 50 mL, pH = 6, photocatalyst
dosage 10 mg; MO = 10 mg L−1, volume 50 mL, pH = 4, photocatalyst
dosage 10 mg
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that most wastewater was neutral and weakly acidic and
CdZnS might be unstable at strongly acidic conditions (pH
= 2.0 or 3.0), in this study, the pH was adjusted to 4.0.

The zeta potentials of CZS-3 decrease from 8.02 to −
33.34 mV with increasing pH from 2 to 10 (Fig. 6b).
Increasing the pH will result in a stronger charge repulsion
and noticeable decrease in Cr(VI) adsorption. At the same
time, as the pH value decreases, the photocatalytic Cr(VI)
reduction efficiency increases (Zhou et al. 2019). Under pH
= 6.0, Cr(VI) existed mainly as HCrO4

− and Cr2O7
2− (Shi

et al. 2015), and the Cr(VI) photoreduction over CZS-3 was
accomplished following Eqs. (1) (Wang et al. 2017) and (2)
(Du et al. 2019), in which the abundant H+ can further pro-
mote the transform from Cr(VI) to Cr (III). In alkaline condi-
tions, Cr(VI) mainly exists as CrO4

2− (Zhang et al. 2017a),
and the corresponding Cr(VI) reduction followed Eq. (3) (Yi
et al. 2019b). The efficiency is 100.0% at pH 4.0 and 71.6% at
pH 8.0 in 16 min, which might be contributed to both decreas-
ing adsorption performance and the deposited Cr(OH)3 pre-
cipitates on CZS-3 to mask its active sites (Chen et al. 2020).
To avoid consuming large amounts of acid to adjust the solu-
tion to strongly acidic conditions, in this study, pH 6.0 rather
than pH 2.0 was selected to conduct subsequent Cr(VI) reduc-
tion experiments taking into account the balance of the

reduction efficiency and operation cost. As depicted in Fig.
6c, the Cr(VI) photoreduction efficiencies decreased with the
increasing initial Cr(VI) concentration, which were enlivened
as 100.0%, 100.0%, 100.0%, 98.4%, and 89.2% for initial
Cr(VI) concentrations being 10 mg L−1, 20 mg L−1, 30 mg
L−1, 40 mg L−1, and 50 mg L−1, respectively. It implied that
CZS-3 can be utilized to treat the simulated wastewater con-
taining high concentration of Cr(VI):

Cd0:5Zn0:5Sþ hv→Cd0:5Zn0:5S hþ þ e−ð Þ ð1Þ
14Hþ þ Cr2O7

2− þ 6e−→2Cr3þ þ 7H2O ð2Þ
CrO4

2− þ 4H2Oþ 3e−→Cr OHð Þ3 sð Þ þ 5OH− ð3Þ

Effects of small organic acids toward Cr(VI) reduction Under
visible light irradiation, CZS-3 will generate photo-
induced electron-hole pairs, in which the recombination
of electrons and holes will lead to a decrease in photocat-
alytic efficiency. It was believed that the consumption of
holes will inhibit the recombination of electron-hole pairs,
which could improve the photocatalytic Cr(VI) reduction
efficiency (Zhou and Guzman 2014). In this study, oxalic
acid, citric acid, and tartaric acid were selected as hole-

Fig. 6 a Effect of different pH values on Cr(VI) reduction of CZS-3. b
The zeta potentials of CZS-3 at various pH values. c Effect of different
concentrations on Cr(VI) reduction. d AQEs of Cr(VI) reduction over

CZS-3 at various monochromatic light. Conditions: Cr(VI) = 10 mg
L−1, volume 50 mL, pH = 6, photocatalyst dosage 10 mg
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depleting agents. As shown in Fig. S9, the Cr(VI) reduc-
tion efficiency without the addition of hole-depleting
agent was only 84% after 4.0 min of visible light lumi-
nance. With the addition of hole-depleting agents (oxalic
acid, citric acid, and tartaric acid), the decomposition ef-
ficiencies increased to 100% within 4.0 min. It was con-
cluded that the addition of small molecular organic acids
will significantly improve the efficiency of photocatalytic
Cr(VI) reduction, which might be due to the number of α-
hydroxyl carboxylate functional groups (zero, one, and
two α-hydroxyl groups in oxalic acid, citric acid, and
tartaric acid, respectively) (Barrera-Díaz et al. 2012).

The apparent quantum efficiencies (AQE) of Cr(VI)
reduction at different wavelengths (Murphy and Buriak
2015) are demonstrated in Fig. 6d, in which the AQEs
of CZS-3 were 4.55%, 4.32%, 0.44%, 0.34%, and
0.03% upon the irradiation of LED light with 365 nm,
380 nm, 400 nm, 420 nm, and 520 nm, respectively,
which matched well with the curve trend of the UV-Vis
DRS spectra. This further indicated that Cr(VI) reduc-
tion was a photo-induced action (Hoque and Guzman
2018; Li et al. 2019; Ouyang and Ye 2011).

Effects of foreign ions toward Cr(VI) reduction The previous
research results revealed that the photocatalytic efficien-
cy was influenced by inorganic ions and DOM (dis-
solved organic matters) in the water samples (Chen
et al. 2020). In this study, the tap water, lake water,
and simulated seawater were used to simulate different
water samples containing Cr(VI), and the results revealed
that the Cr(VI) elimination efficiencies toward the waste-
water simulated from tap water (94.6% at 8 min), lake
water (91.3% at 8 min), and seawater (66.3% at 8 min)
are worse than that that toward pure water (99.3% at 8
min) (Fig. S10). It was reported that inorganic ions could
inhibit the Cr(VI) reduction activities (Zhao et al. 2019).
However, the reduction efficiency of Cr(VI) in lake wa-
ter is better than that of tap water and simulated seawa-
ter, as the DOM in lake water could consume the photo-
induced holes to promote the separation of photo-
induced electron holes (Sun et al. 2005). Generally
speaking, some inorganic cations like Na+, K+, Ca2+,
and Mg2+ will not influence the photocatalytic process,
as they cannot consume the photo-generated electrons or
holes due to their high oxidation state (Wang et al.
2012). SO4

2− could heavily inhibit Cr(VI) reduction,
followed by Cl− and NO3

−, because SO4
2− ions might

be adsorbed onto CZS-3 resulting from the electronic
interactions (Zhao et al. 2019). It could be concluded
that some inorganic anions can inhibit the Cr(VI) reduc-
tion, while the organic substances like DOM can slightly
promote the Cr(VI) reduction ability over CZS-3 via
consuming photo-induced holes.

The influences factors toward photocatalytic organic
pollutants decomposition over CZS-3

Different organic dyes like reactive red (X-3B), methyl orange
(MO), rhodamine B (RhB), and methylene blue (MB) were
selected as organic pollutant models to investigate the decom-
position performances of CZS-3 (Fig. S7). With the addition
of CZS-3, photocatalytic decomposition efficiencies toward
X-3B (30 mg L−1, pH = 4.6), MO (10 mg L−1, pH = 4), and
RhB (10 mg L−1, pH = 4.9) were 100.0%, 100.0%, and 91.4%
after 120-min visible light irradiation. It is worth mentioning
that the adsorption efficiency of CZS-3 toward MB (10 mg
L−1, pH = 5.4) reached 98.6% within 60 min, as CZS-3
displayed negative zeta potential to favor the adsorption to-
ward MB when pH was 5.4 (Fig. 6b). CZS-3 displayed stron-
ger adsorption activity toward cationic MB rather than cation-
ic RhB, due to that RhB (1.56 nm × 1.35 nm × 0.42 nm) is
slightly larger than MB (1.38 nm × 0.64 nm × 0.21 nm) (Fig.
S6). As well, CZS-3 demonstrated more negative potential at
pH = 5.4 than that at pH being 4.9. It can be included that
CZS-3 could also achieve the effectively photocatalytic de-
composition toward organic pollutants including but not lim-
ited to the stable organic dyes.

Possible photocatalytic mechanism

In order to investigate the mechanism of photocatalytic
reduction and oxidation of CZS-3, series-active species
capture agents like EDTA-2Na (Yi et al. 2019a), isopro-
pyl alcohol (IPA), and tert-butyl alcohol (TBA) (Yi et al.
2019a) with concentrations of 0.2 mmol L−1 were intro-
duced to quench h+ and ·OH radicals, respectively.
Nitrogen (N2) gas is also pumped into the solution to
remove the DO (dissolved oxygen) to avoid the ·O2

− for-
mation (Wang et al. 2016). Generally, the Cr(VI) reduc-
tion is thought to be a process of electron transfer (Liu
et al. 2012b). As illustrated in Fig. 7a, the efficiency of
Cr(VI) reduction decreased obviously from 100.0% under
air atmosphere to 86.2% under N2 atmosphere within 12
min, implying that ·O2

− yielded by reaction between
photo-induced e− on CBs and DO can also be involved
in the transformation process from Cr(VI) to Cr(III)
(Dong and Zhang 2013; Wang et al. 2016; Zhang et al.
2018) following Eqs. (4) and (5) (Hu et al. 2014; Wang
et al. 2016). When IPA was mixed into the photocatalytic
system, the Cr(VI) photocatalytic reduction efficiencies
increased from 93.4 to 99.1% within 6 min. If the ·OH
radicals in the system were trapped, the equilibrium was
shifted toward the formation of ·OH following Eqs. (6),
(7), and (8) (Hu et al. 2014). The ·OH formation will
boost the generation of e− and ·O2

− for promoting the
Cr(VI) reduction performances. It was considered that
both photo-induced electrons on CB and the formed
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·O2
− can contribute to the Cr(VI) reduction (Hu et al.

2014). As demonstrated in Fig. 7b, the introduction of
TBA could lead the decreasing MO photocatalytic decom-
position rate from 95.3 to 90.3% in 12 min. As well, the
addition of EDTA-2Na resulted in the increasing MO de-
composition rate from 95.3 to 100.0%. The capture of h+

will boost the separation of e− and h+ to produce more
·O2

− and ·OH for oxidative MO decomposition. The re-
sults revealed that both ·O2

− and ·OH were the primary
active species to degrade MO. In the matrix system con-
taining Cr(VI) and MO (Fig. S8), the MO decomposition
efficiencies decreased from 64.0% in individual MO so-
lution to 6.3%, and the Cr(VI) photoreduction efficiencies
declined from 100% in the individual Cr(VI) solution to
87.5%, further demonstrating that •O2

− radicals preferred
to participate in Cr(VI) reduction rather than decomposing
MO in the matrix system (Gadhi et al. 2016):

O2 þ e−→•O2
− ð4Þ

•O2
− þ Cr VIð Þ→Cr Vð Þ þ O2 ð5Þ

•O2
− þ Hþ→ � HO2 ð6Þ

2 � HO2→H2O2 þ O2 ð7Þ

H2O2 þ e−→ � OHþ OH− ð8Þ

To further clarify the intrinsic reactions, the ESR determi-
nation was conducted to identify the formation of active spe-
cies over CZS-3 in the procedure of photocatalytic reactions
(Fig. 7c and d). The characteristic ESR signals of both ·O2

−

radicals and ·OH radicals are observed over CZS-3 upon vis-
ible light illumination, in which the signal intensities of both
·O2

− and ·OH at 10-min illumination are stronger than those at
5 min.While no noticeable signals can be detected in the dark,
implying that ·O2

− and ·OH were produced with the presence
of both suitable light and CZS-3 as photocatalyst.

The electrochemical impedance spectroscopy (EIS) mea-
surements (Fig. 8a) might provide some useful information of
the charge-transfer effect of CZS-X, in which the arc diameter
of the EIS Nyquist diagram equaled to the charge transfer
resistance at the photocatalyst–electrolyte interface (He et al.
2017). It was observed that the arc radius followed the order of
ZIF-8 > CZS-0 > CZS-1 > CZS-3 > CZS-5, confirming that
CZS-3 shows good charge carrier separation.

The Mott–Schottky curves of CZS-3 (Fig. 8b) illustrated
the positive correlation between the slope of C2 value and
potential which implied that CZS-3 acted as the n-type

Fig.7 a Effects on Cr(VI) decomposition with different hole scavengers.
b Effects on MO decomposition with different hole capture agents. ESR
spectra of different active species trapped by DMPO for ·O2

− (c) and ·OH

(d) over CZS-3. Conditions: Cr(VI) = 10 mg L−1, volume 50 mL, pH = 6,
photocatalyst dosage 10 mg; MO = 10 mg L−1, volume 50 mL, pH = 4,
photocatalyst dosage 10 mg, scavenger dosage 0.2 mmol L−1

Environ Sci Pollut Res



semiconductor photocatalyst (Mickelsen et al. 1984). The
conduction band (CB) of CZS-3 was measured as ca. −
0.58 eV versus the Ag/AgCl electrode at pH = 6.0. The va-
lence band (VB) potential of CZS-3 was calculated as 2.09 eV
vs. NHE (ECB = EVB − Eg) based on the Eg of 2.47 eV (Zou
et al. 2016). Therefore, ·O2

− radicals can be yielded because
the redox potential value of CB (− 0.38 eV vs. NHE) is higher
than that of O2/·O2

− (− 0.33 eV vs. NHE) (Dong and Zhang
2013).

Reusability and stability of CZS-3

The practical application of CZS-3 cannot be ignored.
Therefore, it was essential to further assess the practical appli-
cation of CZS-3 photocatalyst, which was accomplished by
some repeated cycles under identical reaction conditions. As
depicted in Fig. 9a, the Cr(VI) reduction efficiency was 99.5%
after three cycles, and the efficiency was 92.9% after five
cycles. The PXRD patterns (Fig. 9b) of the recovered CZS-3
after five runs’ operation matched perfectly with the original
and pristine ones. The unchanged morphology and crystal
phase can be further affirmed by both SEM and TEM

observations of CZS-3 (Fig. S11), indicating that CZS-3 is
stable and efficient in long-term photocatalytic experiments.

The leaching Cd2+ in the solution after each cyclic exper-
iment was shown in Fig. S12. Almost no leached Cd2+ is
detected after the first two cycles. In the following three cy-
cles, the leached Cd2+ increases with the increase of the num-
ber of cycles. Because CZS-3 can achieve the photocatalytic
organic pollutant degradation of Cr(VI) reduction even with
high concentration within a short time, it was believed that the
as-prepared CZS-3 is a good candidate for the removal of both
Cr (VI) and organic pollutants.

Conclusions

A facile preparation method of porous Cd0.5Zn0.5S (CZS-3)
nanocages has been developed using rhombic dodecahedral
ZIF-8 as a sacrifice template along with the precise control of
reaction time. The as-prepared CZS-3 exhibited superior cat-
alytic Cr(VI) and organic dye cleanup abilities under the irra-
diation of low-power LED-visible light than Cd0.5Zn0.5S ob-
tained by other methods. The AQE determination results clar-
ified why the outstanding catalytic efficiency of CZS-3 was

Fig. 8 a Electrochemical impedance spectra (EIS) of Cd0.5Zn0.5S. b TheMott–Schottky curves of Cd0.5Zn0.5S. cMechanism diagram of catalytic Cr(VI)
reduction and MO decomposition over CZS-3.
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accomplished under visible light. It was believed that CZS-3
can achieve outstanding photocatalytic activities at neutral
condition along with the co-existence of different inorganic
ions/organic matters. Also, CZS-3 can treat the special waste-
water containing high content of Cr(VI) up to 50 mg L−1. The
recyclability experiments explained that CZS-3 has the merits
of both reusability and stability. All the electrochemistry de-
termination, active species identification, and the ESR deter-
mination demonstrated the photocatalytic mechanism of CZS-
3. The reported fabrication strategy of Cd0.5Zn0.5S in this pa-
per demonstrated several superior advantages to the counter-
parts, like (i) high throughput of Cd0.5Zn0.5S via facile meth-
od, (ii) porous structure of Cd0.5Zn0.5S with higher surface
area originated from ZIF-8, and (iii) outstanding photocatalyt-
ic performances resulting frommore exposed active sites. This
work revealed that some bimetallic sulfide photocatalysts with
specific morphology and boosted photocatalytic properties
can be fabricated by adopting a suitable metal organic frame-
work (MOF) as template and an external metal source.
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